Methicillin-resistant Staphylococcus aureus (MRSA) is a major nosocomial pathogen (2) . Methicillin resistance is conferred by the mecA-encoded PBP2Ј, which has a low affinity for beta-lactam antibiotics. mecA is located on the staphylococcal cassette chromosome mec (SCCmec), a large 20-to 65-kb mobile element in S. aureus (9) . Based on the class of mecA gene complex and the type of ccr gene complex present, SCCmec cassettes are classified as types I to V (6, 7, 12) . SCCmec type II (SCCmec II) carries ccrA/B type 2 recombinases, and SCCmec IV carries ccrA/B type 2 or type 4 recombinases (depending on the classification scheme used), whereas SCCmec V carries a ccrC recombinase. After cloning of the ccrA/B type 2 and ccrC promoter-gene complex into SCCmec II and V MRSA strains, respectively, chromosomal excision and integration of the SCCmec cassette have been observed (6, 9) . The ccr recombinases are anticipated to cleave DNA in the attB site directly upstream of the integration site sequence (ISS) for SCC. The ISS has a putative consensus sequence, GANGCNTATCANAANTNN, which is present at the 3Ј end of orfX in S. aureus (6) .
The relatively small SCCmec IV may be more frequently transferred among staphylococci and is associated with community-acquired MRSA (14) . We have previously described a possible case of in vivo transfer of SCCmec IV from Staphylococcus epidermidis to S. aureus (16) . In this study, three strains are described which were consecutively isolated from a single patient. Methicillin-susceptible Staphylococcus aureus (MSSA) strain wkz-1 shared among others a unique pulsed-field gel electrophoresis pattern with MRSA strain wkz-2, except for the presence of an SCCmec IV cassette. A cassette with the same restriction pattern was found in S. epidermidis strain O7.1, which may have served as the SCCmec donor strain (16) . The mechanism of SCCmec transfer, however, is still unknown.
To gain insight into the mechanism of transfer, we further characterized these strains and studied the excision of SCCmec IV in these and other MRSA strains. Our data show that chromosomal excision mediated by ccrA/B type 2-containing recombinases is a dynamic process that is certainly not confined to SCCmec IV alone. We provide evidence for the excision and circularization of SCCmec IV in wild-type S. aureus and S. epidermidis strains and the formation and excision of a new composite SCCmec.
MATERIALS AND METHODS
Strains. Staphylococcal strains used in this study include MSSA wkz-1, SCCmec IV MRSA wkz-2, S. epidermidis O7.1 (16) , MRSA MR108 (5, 8) , MW2 (1), Ca05 (JCSC1968), and 8/6-3P (JCSC1978) (11) , and SCCmec II MRSA Mu50 and N315 (10) . We used Escherichia coli DH10␤ and S. aureus strain RN4220 for cloning of the different ccrA/B constructs in S. aureus. S. aureus strain WVW 189 was used for the amplification of an S. aureus phage repressor promoter. WVW 189 is RN6390 containing pACL 1484 with a phage repressor promoter cloned in its EcoRI/XbaI site, upstream of GFPuvr. This phage promoter yields a strong, constant expression of green fluorescent protein in S. aureus (15) . The primers used in this study are listed in Table 1 . Each primer is given a unique code and a number corresponding to the location of the primer as shown in Fig. 2 . Depending on the genetic variation in the strains at different primer positions, primers with different codes may share the same primer location number (Table 1) .
Cloning. Two different recombinant ccrA/B type 2 plasmids were constructed in which the ccrA/B genes were placed either under the control of their endogenous promoter or under the control of a phage repressor promoter. The endogenous Ϫ300-bp promoter region and adjacent ccrA/B genes were amplified by PCR from MRSA strain wkz-2, using primers C1 and C2 (Table 1) . To generate the phage repressor ccrA/B construct, the wkz-2 ccrA/B genes were amplified using primers C2 and C3 with DNA from strain wkz-2. The phage repressor promoter was obtained from strain WVW 189 by using primers C4 and C5 (15) . The endogenous promoter-ccrA/B fragment was cloned in the EcoRI-SalI site of shuttle vector pSK236, whereas the phage promoter and ccrA/B genes were cloned in the EcoRI-XbaI and XbaI-SalI sites of this vector, respectively. The pSK236 vector confers carbacillin resistance in E. coli and chloramphenicol resistance in S. aureus. The pSK236 recombinant plasmids were introduced in E. coli DH10␤ and subsequently introduced in the DNA restriction-deficient S. aureus strain RN4220 by electroporation. The endogenous ccrA/B-promoter construct was transduced into MRSA wkz-2, using phage 11 according to standard procedures. The phage repressor promoter-ccrA/B construct was transduced into MSSA wkz-1 and the MRSA strains wkz-2, Ca05, JCSC 1978, MW2, MR108, Mu50, and N315. The inserts of all bacterial clones were confirmed with PCR and sequencing.
PCR. S. aureus was grown on Luria-Bertani agar plates (containing 10 mg/liter chloramphenicol when pSK236 derivatives were present) for 16 h at 37°C. DNA lysates were made using standard methods. Chromosomal DNA was purified using a QIAGEN purification kit (Hilden, Germany). Excision of SCCmec was measured by PCR, using divergent primers on both outer regions of the cassette that yield a PCR product only upon excision and circularization of the SCC element, analogous to the method described in reference 9. Excision was confirmed using two chromosomal primers flanking the SCC elements to detect the reformed attB site upon excision of the cassette (9) . Except for PCRs to detect attB after SCC excision, which were performed on chromosomal purified DNA, all PCRs were performed on DNA lysates. This was necessary since the circular SCCmec was not efficiently purified by either plasmid or chromosomal DNA isolation protocols (data not shown). PCRs that did not yield products specific for SCC circularization, or the reformed attB site, were performed again with different template concentrations, using a touchdown PCR program. The touchdown PCR program was as follows: an initial denaturation step for 5 min at 94°C, followed by an initial 10 cycles of three steps consisting of 30 s at 94°C, 1 min at annealing temperature (TA) plus 10°C to TA (Table 1) decreasing 1°C per cycle, and 1 min 30 s at 72°C for extension. These first 10 cycles were followed by another 25 to 35 cycles of three steps consisting of 30 s at 94°C, 1 min at TA (Table 1) , and 1 min 30 s at 72°C and a final 5-min extra extension. A PCR strategy according to Oliveira and de Lencastre (12) was performed for subtyping of SCCmec.
Sequencing. All PCR-amplified fragments were purified with a QIAquick PCR purification kit (QIAGEN, Hilden, Germany) and sequenced. DNA regions upstream of SCCmec were sequenced using an LA PCR in vitro cloning kit (Takara Mirus Bio Corporate Information, Madison, WI) according to the manufacturer's protocol. This kit enables nested PCR amplification of unknown sequences upstream of known sequences. Sequences were analyzed against all available sequences by using the BLAST algorithm. Multilocus sequence typing (MLST) was performed according to Enright et al. (4) .
RESULTS
Genetic characterization of strains associated with horizontal transfer of SCCmec. MRSA wkz-2 may originate from the transfer of SCCmec IV from S. epidermidis O7.1 to MSSA wkz-1 (16) . Therefore, excision of SCCmec was studied primarily in these strains. To this end, first these strains and the SCCmec elements carried by them were further genetically characterized. Both S. aureus strain wkz-1 and S. aureus strain wkz-2 have MLST sequence type 30. The SCCmec types of strains wkz-2 and O7.1 were identical according to the multiplex PCR developed by Oliveira and de Lencastre (12) . Both cassettes carry mec complex B, type 2 ccrA/B, and loci A and D. We sequenced the left (400 bp) and right (1,800 bp; in the proximity of orfX) extremities of SCCmec in both the wkz-2 and O7.1 strains. The DNA sequences were 100% identical between the two strains. These sequences completely matched the outer ends of SCCmec IV carried by community-acquired MRSA strain Ca05 (GenBank accession no. AB063172). Subsequently, the ccrA and ccrB genes of strains wkz-2 and O7.1 were sequenced. As expected, the complete ccrA/B DNA sequences were also identical between the strains. On their turn, these ccrA/B sequences were indistinguishable from the ccrA/B of strain MR108 (GenBank accession no. AB096217) but differed from that of Ca05 (data not shown). When we used the methods described above, the SCCmec of S. epidermidis O7.1 and MRSA wkz-2 were indistinguishable.
Excision of SCCmec in SCCmec II and IV MRSA. To address the first step in horizontal transfer of SCCmec, we examined SCCmec excision in SCCmec IV MRSA (n ϭ 5), the SCCmec IV-positive S. epidermidis strain O7.1, and SCCmec II MRSA strains (n ϭ 2). All these strains carry ccrA/B type 2 recombinases. Excision results for the MSSA wkz-1, MRSA wkz-2, and S. epidermidis O7.1 strains are displayed in Fig. 1 , whereas the excision data for all other strains are summarized in Table 2 . A schematic of the different excision products and the location of the different excision primers is given in Fig. 2 . Spontaneous excision of the SCCmec IV cassette was detected in MRSA wkz-2 and S. epidermidis strain O7.1 (Fig. 1A) . In these strains, both the circularization PCR and the attB PCR yielded PCR products with the predicted sequence (Fig.  1A, lanes A and F) . Excision frequencies in MRSA wkz-2 (1:5,000) and S. epidermidis strain O7.1 (1:1,000) were estimated by semiquantitative excision and mecA PCR (data not shown). Excision of SCCmec IV was also observed for strains MW2 and Ca05. For the remaining SCCmec IV MRSA strains, JCSC 1978 and MR108, circularization of SCCmec was not detected FIG. 1. Excision of three different SCC elements in MRSA strain wkz-2, MSSA strain wkz-1, and coagulase-negative staphylococcus (CoNS) strain O7.1. These strains were possibly involved in the in vivo horizontal transfer of SCCmec IV from S. epidermidis to S. aureus (16) . Excision of the SCC elements was measured in wild-type strains and in strains complemented with the ccrA/B type 2 recombinase genes under the control of either the endogenous ccr promoter or a phage repressor promoter. Excision of the SCC elements was measured by PCR: first, the presence of the element was detected, subsequently the circularization of the element, and finally the reformed attB site upon excision of the element. attBЈ and attBЉ are alternative attB sites reformed after excision of the SCC-like element and the SCC-like/SCCmec composite element, respectively (Fig. 2) . All PCR products were confirmed by sequencing. The primer combinations used correspond to the primer position numbers depicted in Fig. 2 . Note that the wkz-2 strain complemented with the phage promoter-ccrA/B construct lost the SCC-like element and consequently was negative in any PCR using primers located on this element (primers E2 and E3, location numbers 2 and 3 [ Fig. 2] ). *, No product due to the absence of CoNS O7.1-specific primers outside of SCCmec. **, Aspecific bands, as confirmed by sequencing. Fig 1, excision was determined by PCRs specific for the presence and circularization of the SCC element and on the reformed attB site upon excision of the element. An empty box indicates that the element is not present in the strain. Ϫ, No excision. ϩ, Excision in wild-type strains. Both the excision and attB PCRs are positive. ϩ/Ϫ, Excision in wild-type strains is partly demonstrated. The excision PCR is below the detection limit, and the attB-specific PCR is positive. In addition, excision is induced after introduction of the phage promoter-ccrA/B construct in the strain. I, Inducible excision. Excision is induced after introduction of the phage promoter-ccrA/B construct in the strain. Table 1 . Thick and dotted lines represent the chromosomal parts that reunite upon excision of the diverse SCC elements. For SCCmec, this site is known as attB. Upon excision of the SCC-like element and the composite cassette, alternative attB sites were formed that we named attBЈ and attBЉ, respectively. (B) ISS regions and indirect repeats of SCC excision products. The ISS consensus region is underlined, whereas consensus nucleotides are given in bold. Gray arrows denote indirect repeats. Vertical arrows indicate the positions at which the element is excised, at the 3Ј end of the ISS.
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In SCCmec II strains Mu50 and N315, SCCmec excision could be induced after introduction of the phage promoterccrA/B construct ( Table 2) . Induced SCCmec II excision in strain N315 is in agreement with that described by Katayama et al. (9) . Interestingly, two SCCmec excision products were observed in strain wkz-2 (Fig. 1A, lane C) and all other MRSA strains complemented with the phage promoter-ccrA/B construct, except for strain MW2 ( Table 2) . Sequencing of excision products and chromosomal remnants in these strains showed that SCCmec was cleaved either at the "normal" ISS R next to orfX, or 100 bp upstream at an alternative consensus sequence called ISS R2 , yielding a shortened SCCmec called SCCmecЈ (Fig. 2) . In wild-type strains, excision of SCCmecЈ was detected only in strain Ca05, as determined with primers E4 and E12 ( Table 2) . Circularization of the 100-bp fragment between the target sites ISS R2 and ISS R was not detected in any of the clones (data not shown).
SCC-like element. Two of the phage promoter-ccrA/B clones (MRSA wkz-2 and MRSA MR108) lost their capability to bind primer 3 upstream of SCCmec (see Fig. 2 for primer location) . The introduction of the ccrA/B construct in these strains was accompanied by the absence of amplification when primer 3 was used (Fig. 1A, lane C, Fig. 1C , lane C, and Table 2 ). We therefore hypothesized that these clones lost the SCCmec upstream region due to aberrant ccr recombinase-mediated excision. Using an LA PCR in vitro cloning kit, we identified a 5,877-bp SCC-like element present in MRSA wkz-2 and MRSA MR108 wild-type strains, which was lost in these strains upon introduction of the phage promoter-ccrA/B construct. The SCC-like element contains ISSs at its extremes, two unknown open reading frames, three transposases, and an element that matches parts of prophage PV83 (7) .
Using the BLAST algorithm, we examined the presence of SCC-like elements among published staphylococcal sequences deposited in GenBank. Besides MSSA strain wkz-1 and MRSA strain wkz-2, the SCC-like element is present in the MSSA strain 25923, an SCCmec II MRSA strain (MRSA 252), and an SCCmec IV MRSA strain (MR108). In all of these strains, a conserved region of at least 600 bp was identified upstream of the SCC-like element. Two SCCmec III MRSA strains (85/ 3907 and 85/2082) lacked the SCC-like element but did contain this 600-bp upstream region (Fig. 3) . Excision of SCC-like element. Is the SCC-like element mobile? To study this, we examined the excision of the SCC-like element separately or in combination with SCCmec in different strains. The SCC-like element was excised in MRSA wkz-2 (Fig. 1B, lane A) and MRSA MR108 wild-type strains (Table  2) , as determined by a PCR specific for circularization and a PCR on the alternative reformed attB site that we called attBЈ (Fig. 2) . Interestingly, SCC-like excision was observed neither in the MSSA wkz-1 wild-type strain nor in MSSA wkz-1 strains complemented with the phage promoter-ccrA/B construct, although they contained this element (Fig. 1B, lanes D and E) . Finally, excision and circularization of a composite element consisting of the SCC-like element and SCCmec were observed in MRSA wkz-2 (Fig. 1C, lane A) and MRSA 108 (Table 2) , as measured by a PCR specific for circularization and a PCR on the chromosomal remnants called attBЈ (Fig. 2) . Excision of the composite cassette at the alternative ISS R2 was not detected (data not shown).
In summary, excision of SCCmec IV occurred among wildtype MRSA and MRSE strains, whereas SCCmec excision could be induced in SCCmec II MRSA strains. In addition, four different mobile SCC elements were detected in S. aureus. Two excision products, SCCmec and SCCmecЈ, were observed in MRSA strain Ca05. Three excision products, Table 1. 2076 JANSEN ET AL. ANTIMICROB. AGENTS CHEMOTHER.
the SCC-like element, SCCmec, and a novel composite cassette, were observed in SCCmec IV MRSA strains wkz-2 and MR 108 (Fig. 2) .
DISCUSSION
Here, we report for the first time ccrA/B type 2 mediated excision and circularization of SCC elements among wild-type SCCmec type IV strains under normal laboratory conditions. In addition, we observed the excision of several ISS-flanked elements within one MRSA strain, either individually or as part of a composite cassette, which is suggestive of a high genetic plasticity among these strains.
Interestingly, the excision results suggest an optimum length for cassettes to become excised and circularized. Circularization could not be detected for the small, 100-bp fragment at the orfX extremity of SCCmec, and excision of the 52-kb SCCmec II cassette in Mu50 and N315 was inducible only. In contrast, excision of the 6-kb SCC-like element, the 20-kb SCCmec IV cassette, and the 26-kb composite cassette could be readily detected in wild-type strains (Fig. 2) . Since the SCCmec II and SCCmec IV strains carried the same ccrA/B type and ISSs, this difference in excision efficiency may be due to differences in cassette size rather than differences in recombinase activity or recombinase target sequences. Spontaneous excision of SCCmecЈ, however, is probably a rare phenomenon. In contrast to strains complemented with the phage promoter-ccrA/B construct, concomitant excision of SCCmec and SCCmecЈ could not be detected in the Ca05 wild-type strain (determined with primer combination 4 and 5) (data not shown). This may be explained by the much lower excision frequency of SCCmecЈ than that of SCCmec in the Ca05 wild-type strain, resulting in detectable PCR amplification of the latter element only. Comparison of all ISSs involved in excision in our experiments confirms the putative ISS reported earlier by Ito et al. (6) .
The SCC-like element does not contain any known virulence or resistance genes. Nevertheless, its presumed mobility (in the presence of SCCmec), together with the observation that an ancient MSSA strain and several virulent epidemic MRSA strains possess this element, suggests that its presence may be beneficial for the bacterial host. We hypothesize that similar to the "train-wagon"-like organization of gene cassettes in integrons (13), several ISS-flanked elements may be coupled to SCCmec and get mobilized either as a composite cassette or alone by using the recombinases of the adjacent SCCmec cassette. The same mobilization mechanism may apply for the newly described arginine catabolic mobile element in the virulent, community-acquired MRSA strain USA300 (3). Similar to the SCC-like element, this element is likely to be excised by ccrA/B recombinases contained in the adjacent SCC element. In addition, it may be possible that SCC excision and reintegration at another ISS position will lead to shuffling of SCC elements, thereby conferring genetic plasticity without the need for horizontal transfer. We could not, however, detect shuffling of SCC elements in our strains (data not shown).
Several lines of evidence suggest that the SCC-like element is subject to horizontal transfer. First, it is flanked by ISS consensus elements. Second, the element is well conserved among several MSSA and MRSA strains of different MLST sequence types and MRSA strains carrying different SCCmec cassettes, whereas it is absent in other strains that share the same sequences upstream of the SCC-like element (Fig. 3) . Finally, our data show that the SCC-like element can be excised separately from the chromosome. Our data strongly suggest that the excision of the SCC-like element is dependent on the presence of SCCmec, as SCC-like excision was undetectable in the MSSA wkz-1 strain. Although it is likely that SCClike excision depends on SCCmec containing ccrA/B recombinases, we cannot exclude other mechanisms, as excision of the SCC-like element could not be induced in the MSSA wkz-1 strain after introduction of a phage promoter-ccrA/B construct.
Ito et al. already suggested the presence of this SCC-like element in an S. aureus MSSA strain 25923 isolated in 1945 (DDBJ/EMBL/GenBank accession no. AB047239) (7). They hypothesized that this element may be an immobile remnant of a functional SCCmec that lost its recombinases (and mec region) (9) . Our data suggest a second possibility: the element may have belonged to a composite SCC cassette or requires trans functions from an SCC with recombinases. After loss of the SCC cassette carrying the recombinase genes, the SCC-like element became immobilized in the genome. However, acquisition of an SCC element containing recombinases may mobilize this element again.
Such an event may have occurred in the S. aureus wkz-1 strain. We previously showed that wkz-1 and wkz-2 shared a unique genotype among 312 MRSA isolates, as measured by phage typing, their antibiotic resistance profiles, pulsed-field gel electrophoresis, and ribotyping. In addition, it was shown that the wkz-2 and O7.1 strains showed the same rare SCCmec restriction pattern (16) . We now show that MSSA strain wkz-1 and MRSA strain wkz-2 belong to the same MLST genotype and that the MSSA wkz-1 strain and S. epidermidis strain O7.1 shared identical (partial) SCCmec sequences. These findings are in line with our earlier observation (16) of the putative in vivo transfer of SCCmec from S. epidermidis O7.1 to MSSA strain wkz-1, yielding MRSA strain wkz-2. It is therefore likely that the SCCmec element is mobile and may have been acquired from S. epidermidis O7.1 or another unknown source at some point in time. Excision of the SCC-like element was not detected in the wkz-1 strain, but upon introduction of SCCmec in the wkz-2 strain, the SCC-like element became mobile. In addition to its separate excision, the SCC-like element could be coexcised together with SCCmec in this strain. Thus, the SCC-like element may also hijack SCCmec for its mobilization. Taken together, these findings suggest that horizontal transfer of SCCmec created a novel mobile element composed of the SCC-like element and SCCmec.
In conclusion, this study identified four different SCC excision variants in SCCmec IV strains. The relative abundance of and variety in SCCmec IV excisions, exemplified by the formation and excision of a new SCCmec IV composite, may contribute to the frequency of horizontal transfer and genetic plasticity in SCCmec IV MRSA strains.
